Indoor air pollution can make workplaces worse. Mechanical or natural ventilation systems, impelled by thermal gradients or wind pressure, can reduce indoor pollution levels by introducing adequate indoor air changes; moreover airflows can drag pollutant gases both from the external environment and among internal spaces. An air curtain system can reduce the airflow through openings of adjoining spaces and, as a consequence, can realize a system to control pollution. Flux reduction, gaseous and particulate pollutant control and human exposure time produced by air curtain ventilation systems are investigated by theoretical and advanced CFD analysis in order to improve their design by general guidelines.
Introduction
Human exposure to particulates has recently received considerable attention as a result of epidemiological studies showing associations between environmental particle concentration and mortality. These associations have been initially demonstrated for total suspended particles (TSP) and PM 10 ; however, results from later studies suggest that fine particles (PM 2.5 ) and particle components, such as sulphate (SO 4 2-) and aerosol strong acidity (H + ), may also be associated with increased mortality and other adverse health impacts.
From studies of indoor environments, it is clear that significant fraction (50-90%) of outdoor PM 10 , PM 2.5 , SO 4 2-and H + penetrate indoors. Once indoors, these particulate species may be depleted through deposition onto surfaces, or, in the case of H + , through reactions with other indoor pollutants.
The vehicle emissions are one of most important outdoor PM sources. The pattern of particles concentration is function of the distance from the roads and change around the building envelope; besides street canyon effects, local airflow patterns, reciprocal building locations can largely influence concentration and size particles distributions. Particles emitted from vehicles can penetrate indoors, and the degree to which this occurs depends on the characteristics of the buildings.
The multiplicity of factors involved in the process of penetration of particles produces large variations in the expected outcomes, i.e. in terms of vehicleaffected indoor particle concentration levels. Therefore, various studies, in which particle concentration levels were measured indoor and compared with the outdoor concentrations, have led to different conclusions regarding the extent of vehicle impact. This great spread in results indicates the complexity of the processes involved and thus the need for a good understanding of the specific urban setting in the assessment either of the human exposure or of the risk related to vehicle emission contributions to indoor particle concentration levels.
Background
A study of indoor and outdoor PM 10 and PM 2.5 concentrations was carried out in the indoor and outdoor environmental of 28 houses in the area of Huddersfield, England [1] , with the objective to identify the effect of road emissions on particle concentrations. The houses were selected both to provide a range of different locations in terms of distance from main roads and to be consistent in their ventilation, internal emission sources, and overall design. The houses within 50 m from the main road were classified as 'proximity' group, while the others as 'background' group. The mean indoor and outdoor PM 10 and PM 2.5 concentrations measured for 'proximity' and 'background' houses, with their the median ratios for each couple of 'proximity' and 'background' houses are presented in Tab. 1. The decrease in these mass concentrations between the values at the minimum distance from the road and the background levels ranged up to about 25-30% and was noticeable in the first 20-30 m from the road. Considering this relatively small gradient, and that many of the 'proximity' houses were already at the roadside, little impact of vehicle emissions on indoor PM 10 and PM 2.5 concentration levels indoor is to be expected.
Time distribution of PM 10 concentrations were performed in Hong Kong [2] for two indoor sites located next to main roads; measurements, only for one site, showed two peaks, one at around 7 am and the second at around 5 pm, corresponding to the peak-hour traffic on the street. The lowest concentration was measured at about midnight.
A different example is provided by a study conducted by Jamriska et al. 2000 [3] on the fifth floor of an office building located about 100 m from a busy road. Particles in the range 0.016 to 0.626 µm were measured by an SMPS; in this study, the presence of significant indoor pollutant sources was not identified and it was shown that the indoor airborne particles distribution followed outdoor air pattern, in which the vehicle combustion aerosols represented the main pollution source. Particles size distribution measured for different ventilation system and particle removal efficiency. Figure 1 shows similar distributions of particulate sizes for all the considered cases, also if concentrations are lower in filtered and air-conditioned; also the peak of distributions, due to the vehicle emission, is clearly visible in all the indoor distributions.
Studies on air curtain dynamic efficiency, respect both to the improvement of indoor air quality and to reduction of human exposure to hazardous fumes, has been conducted by Santarpia et al. [4, 5, 6, 7] for different geometry and thermo fluid dynamic boundary conditions.
Experimental methodology
A 2D meshed (5000 nodes) model has been built ( Fig. 2) and an isothermal fluid-dynamic analysis has been carried out for different boundary conditions:
• the outdoor atmosphere (3 x 4m) and the indoor atmosphere (2. Simulation layout.
A k-ε model, implemented in a commercial software (FLUENT), is used to solve the fluid-dynamic field in the calculation domain.
The standard k-ε model is a semi-empirical model based on model transport equations for the turbulence kinetic energy (k) and its dissipation rate (ε). In the derivation of the k- ε model, it was assumed that the flow is fully turbulent, and the effects of molecular viscosity are negligible. The standard k- ε model is therefore valid only for fully turbulent flows. The k and ε are obtained from the following equations (Einstein notation):
In these equations, S k represents the generation of turbulence kinetic energy due to the mean velocity gradients. S b is the generation of turbulence kinetic energy due to buoyancy. YM represents the contribution of the fluctuating dilatation in compressible turbulence to the overall dissipation rate. 1 C , 2 C and C is a constant.
The CFD simulation has been used to esteem the air curtain airflows distribution. In figure 3 the entrained airflows notation is presented. Confined air jet entrained airflows.
The theoretical indoor concentration, C in , can be carried out by the mass balance equation (Fig. 4) : Indoor mass balance notation.
Airflows notation G e -Air curtain emission airflow G ind,o -Outdoor entrained airflow G ind -Total entrained airflow G ind,i -Indoor entrained airflow
The C M value is carried out assuming a perfect mixing of entrained air:
Integrating and setting C = C 0 at t = 0:
Results
Based on CFD numerical data the entrained airflows (Fig. 3) are presented in table 2. In last column is presented the external entrained airflow to total air curtain entrained airflow ratio, ψ, as: Table 2 :
Entrained airflows.
The indoor volume extension not affect the ψ ratio, instead the indoor natural ventilation through the window have an influence on the entrained airflows ( fig. 5 ). The airflows distribution reach the free jet conditions (ψ = 0.5) for larger window surface.
Figure 5:
Ψ ratio vs. window height and indoor space length.
The indoor particle concentration as been theoretically carried out using the same model of Fig. 4 . The outdoor concentration and the efficiency of the air curtain filter has been derived from Jamriska et al. [3] and are reported in table 3 for each particle diameter. Table 3 :
Outdoor particle concentration and filter removal efficiency. The particle indoor concentrations vs. particle diameters are presented in Fig. 6 . The outlet window airflow not affect the air curtain efficiency for H w /H d ratio lower than 0.15. The air curtain operates with external filtered air can reduce the indoor particle concentration up to 50%.
Remarks
During the last two decades, there has been increasing concern over the effects of indoor contamination on health. Changes in building design intended to improve energy efficiency have meant that modern homes are frequently more airtight than older structures. This has led to more comfortable buildings with lower running cost, but has also caused indoor environments in which contaminants may build up to much higher concentrations than before. Indoor air and dust, besides food and workplace, are significant sources of exposure for the general population, especially children. Indoor pollution has been ranked by the United States Environmental Protection Agency Advisory Board (EPA) and the Centres for Disease Control (CDC) as a high environmental risk [8] . Particle indoor concentration.
Besides outdoor air (vehicle-related emission), smoking has been found to be the most important source of PM 2.5 in indoor air, and cooking has been identified as the second strongest source of fine PM in indoor air [9] . As a result of these sources, indoor particle concentrations are often higher than the corresponding outdoor levels. These findings, in conjunction with the fact that people spend the majority of their time indoors, suggest indoor sources to be important contributors to personal exposure to PM 10 and PM 2.5 .
The air curtain system can effectively hinder the outdoor-to-indoor contaminant diffusion and the indoor-to-indoor air exchange between two confined adjoining spaces. The filter pack installed inside the air curtain device have a 31% average removal efficiency in consequence the indoor diameter distribution of particles is different from outdoor, with variation between -7% and 15% ( fig. 7 ). Particle diameter distribution and indoor-outdoor variation.
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